Searching for new functionality in next generation electronic devices is a principal driver of material physics research. Multiferroics simultaneously exhibit electric and magnetic order parameters that may be coupled through magnetoelectric (ME) effects 1-11 . In single-phase materials the ME effect arises from one of three known mechanisms: inverse DzyaloshinskiiMoriya (IDM) interaction 12-15 , spin dependent ligand-metal (p-d) orbital hybridization 16-18 , and exchange striction 19-21 . However, the coupling among these mechanisms remains largely unexplored despite envisioned potential capabilities. Here, we present cooperative tuning between both IDM interaction and p-d hybridization that leads to discrete ME states in Ba0.5Sr2.5Co2Fe24O41. In-situ x-ray diffraction exposes the microscopic interplay between these two mechanisms, marked by a unique ME susceptibility upon electric and magnetic fields. The entangled multi-ME coupling phenomenon observed in this room-temperature ME hexaferrite offers a pathway to novel functional control for ME device applications.
BiFeO3 with ferroelectric polarization below TFE = 1100 K and antiferromagnetic order below TN = 643 K, which marks the highest ferroelectric polarization 9×10 4 μC/m 2 amongst the multiferroics 1, 7, 22 . Due to the IDM interaction, the magnetic easy plane is determined by the electric polarization (P) and the antiferromagnetic ordering vector 23, 24 , and thereby the magnetic domain structure can be controlled by an electric field (E) (Ref. 23 ). The magnetic field (H) control of P, however, is only available at relatively high field (~160 kOe) because of small magnetic susceptibility of the antiferromagnetic behavior 22 . Various efforts continue to enhance the ME coupling strength (dP/dH ~55 ps/m), for example, by thin film engineering 1 or chemical doping 25 .
The remarkably large ME susceptibility of ~3200 ps/m at room temperature in hexaferrites was also regarded as a breakthrough towards the realization of a potential ME device [26] [27] [28] [29] . In particular, the (Ba,Sr)3Co2Fe24O41 (Co2Z-type) hexaferrite exhibits control of P by H (Ref. 28) and M by E (Ref. 29) under low H ~0.1 kOe at room temperature. These ME effects are observed in a transverse conical magnetic state (Fig. 1b ) that hosts the IDM interaction 27, 28 . This ME mechanism yields an antisymmetric P response upon switching H as the magnetic chirality are the net moments of the magnetic L and S blocks, respectively [12] [13] [14] [15] . However, a characteristic ME feature of the Co2Z-type hexaferrite is a symmetric P behavior while showing a small contribution from Pasym (Ref. 29) , which indicates the importance of another ME mechanism 28, 29 . When more than one ME mechanism is present, an interplay between individual ME elements is expected. For instance, the IDM interaction and the p-d hybridization can influence each other due to their connection through the spin-orbit coupling. As such couplings interact, a new functional control of the ME state by tuning this interplay is possible. In this work, we look into this potential through observing the structural response to the ME effect under E and H by insitu x-ray diffraction on the Co2Z-type hexaferrite.
The symmetric ME behavior of the Co2Z-type hexaferrite results from either p-d hybridization or exchange striction due to the quadratic nature of these mechanisms. Assessing the crystal structure (Fig. 1a) , the p-d hybridization is considered the primary source of the symmetric ME behavior.
In particular, we note the unit comprised of the corner-shared octahedron and tetrahedron at the boundary of L and S blocks, which contains off-centered Fe/Co ions (depicted inside the dashed lines in Fig. 1a ). This off-centering can give rise to asymmetric hybridization of the d-orbitals in the transition metal (TM) ions with the p-orbitals in the surrounding ligand oxygen ions.
Subsequently a local electric polarization forms , ) (
where S  and i e  are the spin and the vector connecting the TM-O bond, respectively [16] [17] [18] . The asymmetric hybridization due to the off-centering leads the direction of Ppd to be determined by the relationship between the TM ion and its nearest oxygen triangular layer. For instance, when the spin is parallel to one edge of this oxygen triangle, the in-plane component of Ppd points towards this edge (top panel of Fig.   1d ). On the other hand, when the spin is perpendicular to a particular edge, the in-plane component points towards the apex opposite to the edge (bottom panel of Fig. 1d ). The out-of-plane component of Ppd is along the off-centered direction.
Considering the crystallographic symmetry and the spin structure of the transverse conical state in the Co2Z-type hexaferrite, we find that the sum of all the local Ppd over the unit cell can result in a finite, net in-plane polarization Psym. This Psym under H is effectively described by the sum of Ppd in the octahedra at the boundaries between L and S blocks, whose TM ions are most off-centered 1e ). When H is rotated by 90˚, the sum of Ppd becomes reversed (Fig. 1f) . The magnetic field dependence of the electric polarization shows sign reversal of P (Fig. 1c) , verifying p-d hybridization (Fig. 1d ). Exchange striction is also able to produce symmetric P vs. H behavior, but in this case, P would not change with the rotation of H since the spin alignment of both parallel and antiparallel components would be preserved.
Both distinct ME mechanisms, i.e. the IDM interaction and the p-d hybridization arising at the boundary of L and S blocks, can couple to each other. The P driven by the IDM interaction emerges as the antisymmetric spin exchange in the non-collinear spins shifts the ligand oxygen ion 15, 30 . The P vs. H measurement detects the macroscopic P (Psym and Pasym), but not necessarily the nature of their correlation. In contrast, the x-ray diffraction intensity varies upon local structural distortions resulting from the interplay between the two ME mechanisms. Therefore, in-situ x-ray diffraction under E and H is suitable in order to reveal any such intrinsic microscopic coupling behavior.
The P63/mmc symmetry is broken due to small atomic displacements, verified by observing clear
Bragg peak intensities at the (0, 0, l) with l = odd integers, which are forbidden for this space group.
We find experimentally that the intensities of the forbidden (0, 0, 9) and (0, 0, 19) reflections depend on the ME effect, demonstrating the structural response to H. These two Bragg peaks exhibit changes of over 10 % ( Fig. 2 and Supplementary Fig. S1 ) whereas other (0, 0, l) peaks display smaller changes less than 2 % (see Supplementary Fig. S2 ). The intensity of the (0, 0, l) reflections depends on ME response of the oxygen layer distortions at the boundary of L and S blocks. Greater intensity variation arises in certain l values corresponding to the inter-layer distances. For instance, the oxygen layers located at c/9, c/16, and c/36 (inside the dashed lines in Therefore, the (0, 0, 9) and (0, 0, 19) peaks are most susceptible to the ME effect.
The intensity of (0, 0, 9) reflection for a single ME state is monitored under different H conditions. This state (referred as (+,+) state) is prepared by a ME poling procedure that applies transverse . For H applied along the initial poling direction (Ψ = 0˚), the intensity decreases symmetrically with H, as shown in Fig. 2d . As the azimuthal H direction is rotated, it displays a prominent antisymmetric field dependence at Ψ = 30˚ followed by symmetric dependence again at Ψ = 60˚ (Figs. 2e&f). When H is counter-rotated from the initial direction the intensity shows reversed antisymmetric behavior at Ψ = -15˚. This azimuthal H dependence is also observed in the (0, 0, 19) reflection (see Supplementary Fig. S1 ), while the intensity variation is reversed with respect to the (0, 0, 9) reflection due to the out of phase contribution to the structure factor from the combination of ionic displacements. (Fig. 2i) . In this particular arrangement, the coupling between Psym and Pasym yields an asymmetric ionic displacement leading to the antisymmetric H dependence. Similarly, the intensity variation at Ψ = -15˚ exhibits reversed antisymmetric behavior (Fig. 2g) . The symmetric intensity variation is observed at every 60˚ which serves as fiducial angles where the sign of the antisymmetric behavior switches. The rearrangement of Psym & Pasym by the H rotation repeats with a period of 120˚ due to the hexagonal symmetry (Fig. 2f) .
Reversed H intensity dependence for the different initial ME states further establishes that our observations arise from a microscopic structural response. For the ME state, (-,+), which is prepared by reversing the direction of poling E (Fig. 3c) , both (0, 0, 9) and (0, 0, 19) reflections exhibit the reversal of the antisymmetric behaviors observed in the (+,+) state at Ψ = 30˚, as shown in Figs. 3a&b. This result confirms that the initial ME poling determines the microscopic correlation between the multi-ME couplings (Fig. 3c) . The different arrangement of Psym and Pasym for each ME state leads to the distinct, reversed responses of the symmetry modification.
The initial ME poling establishes the magnetic chirality of the transverse conical magnetic order.
While the directions of (Fig. 1b) . As a result, chirality is determined by the initial poling, and the magnetic state attains its own ME characteristics through the arrangement of Psym and Pasym, not achievable for each individual ME 6 mechanism alone.
One example of such functional ME characteristics is found under simultaneous application of E and H. Figure 4 shows the external E response of the H-induced intensity variations of the (0, 0, 9) peak at Ψ = 30˚. The intensity change between E = +2 MV/m and -2 MV/m is observed only at -H, while the intensity at +H remains unchanged. This result is attributed to the entanglement of the magnetic chirality, Psym, and Pasym. The right inset of Fig. 4 depicts the arrangement of Psym and Pasym being parallel at +H. In order to tilt to the external E field, both Psym and Pasym should rotate toward the same direction. In fact, this is forbidden by the inter-relationship between the p-d hybridization and IDM interaction, coupled through the magnetic moment. In contrast, the antiparallel polarization configuration (left inset) at -H leads the Psym and Pasym to rotate in opposite directions tilting towards E maintaining their coupling constraint. This rotational pathway results in a higher ME susceptibility to E under -H, as indicated by the reflection intensity change.
Our observation of the entangled multi-ME coupling phenomenon in the Co2Z-type hexaferrite demonstrates a novel example of a structural response driven by the interplay of the IDM interaction and the p-d hybridization. The relationship of the local P and the corresponding structural distortions established in this work illuminates a route to control the linear and quadratic ME effects via their correlated coupling in the hexaferrite. The discrete ME susceptibility upon the arrangement of Psym and Pasym offers a ME functionality that solely depends on the interplay of the two ME mechanisms. The arrangement persists even at room temperature (see Supplementary Fig.   S4 ), which can impact novel functional control for the ME device applications.
Single crystal growth
The Co2Z-type hexaferrite Ba0.5Sr2.5Co2Fe24O41 single crystals were grown from the Na2O-Fe2O3 flux in air 29 . The chemicals were mixed with the molar ratio of BaCO3 : SrCO3 : CoO : Fe2O3 : Na2O Bragg peaks only associated with the phase (see Supplementary Fig. S5 ).
Magnetoelectric current measurement
The sample was cut into a rectangular parallelepiped shape with the largest surface (1.5 mm 2 )
normal to an arbitrary in-plane direction, and then the electrodes were prepared on the parallel surfaces with a silver epoxy. The sample was placed in Physical Property Measurement System (PPMS TM , Quantum Design, USA) and its ME current was measured by using a current meter while sweeping H. Before the measurement, an E field poling procedure was performed to prepare a single ferroelectric domain phase: E = 100 kV/m was applied to the sample while sweeping an in-plane H from 30 kOe to 2 kOe, i.e. from outside to inside the ferroelectric phase, in a configuration where H is transverse to the poling E. The ME current was recorded in H sweep from 2 kOe to -30 kOe and then integrated to determine the electric polarization. For another configuration, where the in-plane H is rotated by 90˚, the sample was rotated since the H direction of the PPMS is fixed. Before rotating the sample, the same E poling procedure was performed to prepare the same initial state. The ME current for this rotated configuration was measured in the same manner.
Preparation of single magnetoelectric domain states
The ME poling was carried out to realize a single ME domain states with distinct electric and magnetic polarization directions. In-situ single crystal x-ray diffraction X-ray single crystal diffraction was performed at the 6-ID-B beamline of the Advanced Photon
Source. The sample with the electrodes was mounted on the cold finger of a closed cycle helium refrigerator. For the in-situ x-ray diffraction study under different H and E, an electromagnet was placed beside the cold finger and the refrigerator was modified to allow the wire connection between the electrodes and the external voltage source. Incident x-ray energy in the range of 7.06 -7.13 keV was selected for each Bragg peak after checking the energy dependence of the intensity to avoid multiple-beam diffraction (see Supplementary Fig. S6 ). The intrinsic structural change under E or H fields was monitored by the integrated intensity from the rocking curve at each Bragg peak. 
B. Intensity variations of other Bragg peaks
The Bragg peaks we accessed other than the (0, 0, 9) and (0, 0, 19) peaks also show intensity variation under switching the H field. In contrast to the (0, 0, 9) and (0, 0, 19), which display a substantial total intensity change exceeding 10 %, the change in other Bragg peaks is less than 2 % in the configuration where the most pronounced change is observed (Fig. S2) . 
D. Temperature dependence of the (0, 0, 9) intensity variation
The antisymmetric variation of the (0, 0, 9) peak intensity upon switching the magnetic field (H) is observed at higher temperature, including 300 K (Fig. S4 ). The amount of intensity variation at 300 K is smaller than those at 173 K as well as 30 K, indicating that the magnetically induced structural distortion is reduced. This result is consistent with ferroelectricity existing below ~410 K and the electric polarization decreasing as temperature approaches the transition temperature. The peak intensities at the (0, 0, odd) have not been reported prior to this work. The intense incident
x-ray beam in the synchrotron facility allows us to resolve these intensities which are smaller by factors of 10 3 -10 5 than those at the (0, 0, even). The appearance of these (0,0,odd) reflections, forbidden in space group P63/mmc, implies that the crystallographic symmetry is lowered.
Maximal subgroups compatible with observed reflection conditions include 1 3m P or 2 6m P , the latter being noncentrosymmetric. Further structural work will be required to establish unequivocally the structure of the Co2Z-type hexaferrite. 
